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Small-molecule inhibitors of glycosylation can be applied in basic science studies, and clinical investigations as anti-inflammatory, antimetastatic, and anti-viral therapies. This article demonstrates that thioglycosides represent a class of potent metabolic decoys that resist hydrolysis, and block E-selectin-dependent leukocyte adhesion in models of inflammation.
INTRODUCTION
Glycans are a complex post-translational modification that regulate virtually all biological processes (Laine, 1994; Neelamegham and Mahal, 2016; Varki, 2017) . Commonly, cell surface carbohydrates appear either as O-or N-linked glycans on glycoproteins, glycosphingolipids (GSLs), or glycosaminoglycans (GAGs). Such structures are formed by the sequential action of glycosyltransferases (GTs) that transfer mono-or oligo-saccharides from various donors to growing carbohydrate chains, and by glycosidases that hydrolyze individual monosaccharides to trim glycans. Small molecules developed to modify GT/glycosidase activity can lead to novel strategies to regulate glycan structures, cell function, and treat diseases.
While a number of small-molecule inhibitors of glycosidase activity have been developed, fewer molecules disrupt GT activity (Gloster and Vocadlo, 2012; Hudak and Bertozzi, 2014) . In this regard, most small-molecule GT inhibitors developed fall into one of three categories: (1) acceptor analogs of nucleotide-sugar donors or transition state mimetics of the acceptor-donor pair. While such reagents haven been shown to be effective in in vitro enzymology assays, their inability to permeate cell membranes limits their biological utility (Schworer and Schmidt, 2002; Zhu et al., 1995) . (2) Modified monosaccharides that are cell permeable. This large set of compounds, include monosaccharide analogs where selected hydroxyl or other groups are replaced by halogen, deoxy, thiol, or methyl substituents (Goon and Bertozzi, 2002) . Such molecules are often converted into their corresponding nucleotide-sugar analogs within cells, at high concentrations (Gloster et al., 2011) . This results in depletion of selected, natural nucleotide-sugars, and global depression in the activities of entire families of related GTs (Rillahan et al., 2012; van Wijk et al., 2015) . Thus, this approach may lack specificity. (3) Surrogate acceptors that act as artificial substrates for specific biochemical pathways (Brown et al., 2007; Sarkar et al., 1997) . These molecules compete with and reduce carbohydrate biosynthesis on the natural glycoconjugate by acting as alternate substrates for the GTs. Such decoys may be designed to target specific pathways. However, to effectively compete with natural substrates, they are typically applied at relatively high concentrations. For example, peracetylated benzyl-a-GalNAc (or ''GalNAc-OBn'') is added at 2-4 mM into cell culture medium to inhibit O-linked glycosylation (Alfalah et al., 1999; Huet et al., 1998; Kuan et al., 1989; Tsuiji et al., 2003) , and xylosides are similarly used at 1-2 mM for inhibiting GAG biosynthesis (Fritz et al., 1994; Okayama et al., 1973; Victor et al., 2009) . At lower concentrations (10-100 mM), these decoys have little or no inhibitory activity, and thus are used as molecular probes that report on the cellular O-glycan (Kudelka et al., 2016; Stolfa et al., 2016) or GAG biosynthesis pathways (Victor et al., 2009 ).
In the current study, using a panel of N-acetylglucosamine (GlcNAc)-based metabolic decoys, we observed that the efficacy of surrogate acceptors/decoys can be tuned by modifying the linkage between the carbohydrate and aglycone. In particular, the study examined the effect of modifying the acetal group found in traditional O-glycosides, to thioacetals in S-glycosides (Figure 1A) . In this regard, previous enzymology investigations suggest that selected S-aryl glycosides are susceptible to cleavage by hexosaminidases, albeit at lower rates compared with O-glycosides (Macauley et al., 2005) . In contrast, we report, here, a set of S-glycosides that are more stable with minimal breakdown by cytoplasmic, lysosomal, and nuclear hexosaminidases (Figures 1B and 1C) . Due to this property, the S-glycosides function in cell-based assays to disrupt cellular lactosamine biosynthesis on N-and O-linked glycans at 10-fold lower concentrations compared with O-glycosides. In particular, many of the studies were performed with peracetylated compounds where the 2-naphthalenemethanol (NAP) group was linked to GlcNAc via an S-glycosidic linkage to yield ''SNAP'' (compound 1) or O-linkage to yield ''ONAP'' (7) . When added to human leukocytes, SNAP more effectively reduced expression of the sialyl Lewis-X (sLe X , Siaa2-3Galb1-4(Fuca1-3)GlcNAc) epitope on cells, compared with ONAP. SNAP also reduced cell adhesion to E-selectin, the major human selectin which binds sialofucosylated epitopes on leukocyte O-glycans, N-glycans, and GSLs Stolfa et al., 2016) . In mouse, SNAP-treated leukocytes exhibited reduced migration to sites of inflammation and bone marrow. Overall, this report demonstrates the use of thioglycosides as a class of novel, potent inhibitors that can disrupt lactosamine biosynthesis on cellular O-and N-glycans.
RESULTS
Thioglycosides Reduce Cell Surface Sialyl Lewis-X Expression and E-Selectin Binding A panel of GlcNAc-based thio/S-(1-6) and O-glycosides (7) (8) (9) (10) (11) (12) were synthesized ( Figure 1A , Supplemental Information). The aglycone in these entities was varied. While some of the compounds contained NAP (SNAP 1, 2, ONAP 7, 8), benzyl (6, 12) , or bromooctane (5) aglycones, others contained derivatives of natural products, geranyl (3, 4, 11) or methoxyphenyl (9, 10). Several of the compounds were peracetylated (1, 3, 5, 6, 7, 9) Figure 1 . Thio/S-and O-Glycosides as Metabolic Decoys (A) Structures 1-6 correspond to S-glycosides; 7-12 are O-glycosides. Control molecules, GlcNAc with sulfhydryl group at anomeric position (13, ''SH'') and GlcNAc (14) , are also shown. (B and C) Potential mechanism of S-glycoside (B) and O-glycoside (C) action as metabolic decoys. In both cases, peracetylated glycosides or decoys are taken up by cells and deacetylated by cellular esterases. These compounds are processed through the Golgi where they form biosynthetic products, including Lewis-X and sialyl Lewis-X-type structures. These glycosides divert natural biosynthetic pathways and truncate cell surface glycan biosynthesis. S-Glycosides are more effective acceptor-decoys, compared with O-glycosides. Unlike the O-glycosides, they are not spontaneously hydrolyzed by cellular hexosaminidases. See also Supplemental Information, compound characterization.
to enhance cell permeability (Sarkar et al., 1997) . The acetyl groups are removed by esterases inside cells to yield free carbohydrates ( Figures 1B and 1C) .
We determined if any of the compounds alter cell surface glycans important for inflammatory cell adhesion (Figure 2) . Here, treatment of HL-60 promyelocytic leukemia cells with 100 mM of all S-glycosides for 40 hr reduced cell surface sialyl Lewis-X (sLe X ) expression by 60%-90%, as measured using mAb HECA-452 (Figure 2A ). The results with O-glycosides was more variable, with (11) and (7) reducing the sLe X epitope by 20% and 40%, and (10) augmenting sLe X by 30%. Upon comparing the GlcNAc-b-SNAP in its peracetylated (SNAP, 1) with free (2) form, it is apparent that peracetylation is not critical for inhibition function although it improves efficacy. Thus the NAP group exhibits sufficient hydrophobicity for cell permeability, and additional acetylation of glycan hydroxyl groups only has a marginal contribution. S-Glycosides were effective at concentrations as low as 10 mM with maximum effectiveness above 50 mM ( Figure 2B ).
As sLe X is a critical determinant for selectin-dependent leukocyte adhesion, the effect of the S-and O-glycosides on soluble human selectin-immunoglobulin G (IgG) protein binding to HL60s was assayed. Here, consistent with the HECA-452 measurements, all S-glycosides reduced E-selectin IgG binding, with the blocking pattern being remarkably similar to the changes in sLe X expression ( Figures 2C and 2D ). The O-glycosides did not exhibit this property. Similar to E-selectin, many of the S-glycosides (1-3, 5, 6) also downregulated L-selectin binding although the effect was smaller ( Figure 2E ). None of the glycosides affected P-selectin binding ( Figure 2F ). The core-2 sLe X epitope at the N terminus of PSGL-1 is the major P-selectin ligand on human leukocytes (Lo et al., 2013; Wilkins et al., 1996) , and this structure is apparently not fully disrupted by the compounds. Function-blocking anti-selectin mAbs and vehicle controls confirm the specificity of the measured interaction. Cytometry histograms suggest that these observations are true for the entire cell population, and not limited to a sub-population of HL-60s ( Figure S1 ). Similar to the undifferentiated HL-60s, SNAP also reduced sLe X expression and E-selectin binding to neutrophils obtained by terminal-differentiation of HL-60s using DMSO ( Figure S2 ). These differentiated cells expressed five times greater cell surface CD11b levels compared with undifferentiated HL-60s, with CD11b expression being unaffected by the glycoside treatment ( Figure S2A ). Thus, the glycosides do not alter the overall cell phenotype. Here, also, SNAP (S-glycoside) reduced sLe X expression by 70% ( Figure S2B ), E-selectin binding by 85% (Figure S2C) , and L-selectin IgG recognition by 30% ( Figure S2D ), without altering P-selectin ( Figure S2E ). Neither SNAP nor ONAP altered leukocyte surface expression of putative selectin ligand scaffolds: CD11b, CD43, CD44, CD45, or CD162 (data not shown). Overall, the S-glycosides are potent modifiers of glycan biosynthesis.
Thio/S-Glycosides Reduce Leukocyte Adhesion under
Hydrodynamic Shear Among the compounds tested, many of the studies contrasted the effectiveness of SNAP (1) with respect to ONAP (7) since both molecules are peracetylated, and they are prototypic members of the S-and O-glycoside families. Neither compound, up to 200 mM, affected cell viability or proliferation based on trypan blue exclusion, LDS-751 live cell staining, hemocytometer counts, or the tetrazolium salt-based XTT assay (data not shown). Also, none of the treatments promoted apoptosis based on Annexin-V binding (data not shown).
Microfluidics-based leukocyte adhesion measurements determined if the reduced selectin binding observed in the static assays, translate to physiologically relevant fluid shear conditions (Figure 3 ). Here, glycoside or control treatments did not alter the density of rolling or adherent cells on substrates composed of E-selectin bearing interleukin-1b-simulated human umbilical vein endothelial cells (HUVECs) (Figure 3A) , immobilized E-selectin ( Figure 3B ), L-selectin ( Figure 3C ), or P-selectin ( Figure 3D ). However, SNAP increased the median cell-rolling velocity on E-selectin bearing stimulated HUVEC monolayers by 4.5-fold (from 1 to 4.5 mm/s, Figure 3E ), on E-selectin substrates by 2-fold (from 2.4 to 4.33 mm/s, Figure 3F ), and on L-selectin by 3-fold (from 18 to 53 mm/s, Figure 3G ). The glycoside did not affect rolling on P-selectin ( Figure 3H ). These observations were confirmed at multiple glycoside concentrations, 25-100 mM ( Figures S2F and S2G) . Overall, SNAP reduced leukocyte interactions on E-selectin and stimulated endothelial cells.
SNAP Abrogated Neutrophil Homing to Sites of Inflammation and the Bone Marrow in Mice
Previous studies show that increased rolling velocity on selectins ex vivo may be sufficient to reduce leukocyte accumulation in vivo Morikis et al., 2017) . To determine the anti-inflammatory potential of the S-glycosides, a murine thioglycollate peritonitis model was used to contrast the effect of SNAP versus ONAP (Figure 4) . Here, murine bone marrow cells (mBMCs) obtained from donor C57BL/6 were cultured ex vivo with either ONAP, SNAP, or vehicle for 40 hr ( Figure 4A) . These cells were then differentially labeled with either a green fluorescent dye (CMFDA), red dye (CMTMR), or both, to result in three differentially stained cell populations. The populations were mixed in equal proportion. Peritonitis was induced in recipient C57BL/6 using thioglycollate intraperitoneal injection for 1 hr, and then the labeled cell mixture was introduced intravenously. At 20 hr, 20%-30% fewer ONAP-treated cells were observed in the bone marrow and inflamed peritoneum, compared with vehicle treatment (Figures 4B-4D ). SNAP caused a more dramatic decrease, with cell accumulation being consistently reduced by 80%-90%. Deficiency in E-and L-selectin-dependent cell adhesion may contribute to the observed reduced homing to sites of inflammation.
Upregulation of PNA and ECL Lectin Binding upon Treatment with S-Glycosides Flow cytometry-based lectin binding studies were performed, to identify reagents that quantitatively report on the effect of glycoside treatment in heterologous cell types ( Figure 5 ). Here, SNAP augmented peanut agglutinin (PNA) binding to HL-60s by 30-fold, suggesting the alteration of O-linked glycan biosynthesis, and the increased expression of the Galb1,3GalNAc epitope ( Figure 5A ). A 5-fold increase in Erythrina cristagalli lectin (ECL) binding ( Figure 5B ) and doubling of PHA-L binding ( Figure 5C ) was also measured indicating potential perturbations in N-glycan structures, particularly the Galb1,4GlcNAc lactosamine chains. In addition, anti-Le X mAb binding was marginally decreased ( Figure 5D ). More prominent changes in lectin binding accompanied SNAP treatment, compared with ONAP ( Figure 5 ). In such studies, PNA, ECL, and PHA-L lectin binding to O-and N-glycans is typically augmented upon de-sialylation . However, the MAL-II binding data indicate that the overall expression of a2,3 sialic acid terminated glycans remains unchanged.
In general, the entire panel of S-glycosides exhibited a pattern of carbohydrate epitope alteration similar to SNAP, albeit to varying degrees depending on the aglycone ( Figure S3 ). All O-glycosides were similar to vehicle control except for ONAP (7), which displayed some carbohydrate modification potential, although low relative to SNAP. The increased PNA-lectin binding upon SNAP treatment was observed across multiple cell lines, including human embryonic kidney HEK293T, breast cancer T47D and ZR75-1, and prostate PC-3 cells ( Figure S4A ). Similar to undifferentiated HL-60s, HL-60s differentiated to neutrophils also exhibited >10-fold increase in PNA binding following culture with SNAP ( Figure S4B ). Significantly, the concentration range where selectin binding function was altered in Figures 2, 3, and 4 was similar to that necessary for PNA-lectin binding alteration (20-100 mM, Figure S4C ). Thus, all S-glycosides appear to alter cellular glycosylation via similar molecular mechanisms.
Truncation of O-Glycan Biosynthesis by S-Glycosides
The increased PNA-lectin binding suggests that the S-glycosides may modify cell surface O-glycans. This was confirmed using a panel of CRISPR-Cas9 knockout cell lines since PNA-lectin binding to leukocytes was abolished in cells lacking O-glycans under a variety of conditions, including upon SNAP treatment (Figures S5A and S5B) . In addition, the S-glycoside reduced the molecular mass of two prominent leukocyte glycoproteins, PSGL-1, which is the major L-/P-selectin ligand ( Figure 5E ), and CD43/leukosialin ( Figure 5F ). Both mucin glycoproteins displayed a 20% reduction in molecular mass upon SNAP, but not ONAP, treatment. Interacting cells were classified into rolling or firmly adherent cells (top panels). Cell-rolling velocity was also recorded in the cumulative line plots (bottom panels). Blocking antibodies used were against E-selectin (P2H3), L-selectin (Dreg-56), or PSGL-1 (KPL-1). SNAP increased cell-rolling velocity on stimulated HUVECs, E-selectin IgG, and L-selectin IgG substrates, as indicated by red median velocity markings in (E-G). *p < 0.05 for total interacting cells with respect to VC, SNAP, ONAP, and SH, except as indicated in (A).
To determine the biosynthetic steps affected by SNAP, radioactivity-based ppGalNAc-transferase ( Figure S5C ) and b1,3GalT ( Figure ]Gal is preferentially added to SNAP present in cell lysates rather than GalNAc-OBn (left half). Even in the absence of GalNAc-OBn, radioactive products are formed on SNAP and ONAP (right half). (H-J) HL-60s were cultured with 80 mM ONAP, SNAP, or GalNAc, with 100 mM GalNAc-OBn being added after 8 hr in some cases. Products secreted into culture medium over 2 days were collected and quantitatively analyzed using liquid chromatography-tandem mass spectrometry (LC-MS/MS). SNAP, and to a lesser extent ONAP, reduces glycan biosynthesis on GalNAc-OBn (H). Extended carbohydrate chains grew on SNAP (I) and ONAP (J). All assignments were verified by MS/MS. *p < 0.05, **p < 0.01 with respect to GalNAc; ynot detected. See also Figures S3-S5.
In the GalT assay, however, two distinct products were observed using thin-layer chromatography when the lysates contained ONAP or SNAP (left half, Figure 5G ). One migrated identically to [ Independent MS-based enzymology studies suggest that these observations are not simply because SNAP is a superior acceptor for galactose compared with ONAP ( Figure S5D ). In these runs, Gal transfer to ONAP was also diminished in the presence of SNAP, suggesting a potential inhibitory function for the S-glycoside (Brockhausen et al., 2006) . Overall, the S-glycosides may act both as acceptors of galactose and inhibitors of related enzymes.
Mass spectrometry studies were undertaken to determine the effect of SNAP and ONAP on O-glycosylation using the cellular O-glycan reporter assay (Kudelka et al., 2016) . Here, peracetylated GalNAc-O-Bn was fed to cells in the presence of glycosides or control, and products formed on these substrates was quantified using MS by assaying the culture medium ( Figures  5H-5J , all structures validated using tandem MS [MS/MS]). Here, 38% of the GalNAc-O-Bn substrate was converted to other products when the medium contained GalNAc/control ( Figure 5H ). Products formed included Galb1-3GalNAc-OBn/Tantigen, mono-and di-sialylated T-antigen, and core-2 glycans. The fraction of GalNAc-O-Bn converted to product was reduced to 14% upon culture with ONAP and 2.5% upon SNAP addition. Thus, T-antigen biosynthesis was inhibited by the S-glycoside decoy. Consistent with this notion, VVA lectin binding (recognizes GalNAca on O-glycans) to HL-60s treated with the entire panel of S-glycosides was augmented by 3-to 100-fold (Figure S6) . The effect of the O-glycosides was small, in comparison. In addition to GalNAc-O-Bn, a variety of glycan products were also elaborated on SNAP ( Figure 5I ) and ONAP ( Figure 5J ), including sLe X structures, and extended LacNAc chains sometimes containing terminal fucose and sialic acid. Whereas elaborated glycans were observed on 23% of the SNAP substrate in the culture medium, this was lower at 17% for ONAP.
SNAP Truncates N-and O-Glycan Biosynthesis, with a Smaller Effect on Glycolipids MALDI-TOF MS glycome profiling was undertaken to determine the precise N-and O-glycans, and GSLs that are altered by SNAP ( Figure 6 ). Here, we observed an increased abundance of GlcNAc-terminated (agalactosylated, truncated) carbohydrate chains and LacNAc antennas with reduced sialic acid abundance (red peaks in Figure 6A , lower panel). These characteristic desialylated peaks that appear at m/z 2,530, 2,734, etc., may explain the increased ECL binding in Figure 5B . N-Glycans from SNAP-treated HL60s also displayed the absence of the sLe X epitope ( Figure 6B ), consistent with the reduced expression of the HECA-452 epitope (Figure 2A) . Notably, bi-and tri-antennary glycans with the sLe X epitope (m/z = 3,140 and 3,950) are apparent in the vehicle, but not SNAP-treated cells. The effect of SNAP on the GSLs was small compared with that on the N-glycans. Here, a majority of the GSL glycans were similar in vehicle versus SNAP. However, a few truncated glycans were also apparent at m/z=1,188, 1,566, and 2,087 (red peaks in Figure 6C , lower panel). Sialylated GSL glycans were also reduced upon SNAP treatment compared with vehicle control, e.g., the peak ratio at m/z 1,304/943 was reduced from 1.64 in vehicle to 0.56 upon SNAP treatment; and at m/z 1,753/1,392 from 1.28 in vehicle to 0.92 for SNAP ( Figure 6C , upper and lower panels). Finally, consistent with the observations using GalNAc-O-Bn, O-glycans from SNAP-treated HL60s revealed a loss of core 1 and core 2 structures ( Figure 6D ).
SNAP Is a More Potent Surrogate Acceptor-Decoy Compared to ONAP
The more potent inhibitory effect of SNAP compared with ONAP could be due to the inherent intracellular stability of S-glycosides. In this regard, O-glycosides are commonly used to assay the activity of hexosaminidases, and it is known that mammalian cells have lysosomal, nuclear, and cytoplasmic hexosaminidases that may cleave such substrates (Stutz and Wrodnigg, 2016) . To determine if such hexosaminidase activity is prominent in HL-60 cells, we measured the high-performance liquid chromatography elution profile of 2-napthelenemethanol (HONAP [hydrolyzed ONAP]) and 2-naphthalenemethanethiol (HSNAP) standards spiked into the HL-60 cell culture supernatant ( Figure 7A ). This profile was compared with that of cells cultured with vehicle (Figure 7B) , ONAP ( Figure 7C ), and SNAP ( Figure 7D ). Here, a prominent peak with retention time corresponding to HONAP was observed in Figure 7C upon culture with ONAP, but not one corresponding to HSNAP in Figure 7D when SNAP was present. Based on area under the curve, recoveries, and absorbance calibration curves generated with chemical standards, we estimate that 30% of ONAP may be cleaved within cells. Neither liquid chromatography-MS nor gas chromatography-MS were able to ionize underivatized HONAP for MS detection, and thus dansylated-HONAP standards were prepared ( Figures 7E and 7F ). In addition, NAP products secreted into cell culture medium were also derivatized with dansyl chloride ( Figure 7G ). Here, ESI-Q-TOF MS/MS was able to verify the formation of HONAP by HL-60s, based on retention time compared with chemical standards ( Figure 7F versus 7G, left panels), mass, and also fragmentation spectra (right panels). Overall, ONAP and/or its derivatives are partially hydrolyzed in cells, while SNAP is not.
To determine the nature of competition between the glycosides, equal amounts of peracetylated ONAP and SNAP were mixed and fed to HL-60 cell culture medium. At 40 hr, glycoside products were purified from culture supernatants ( Figure 7H ) and cell pellets ( Figure 7I ). They were permethylated and quantified based on product ion counts using high-resolution liquid chromatography-MS/MS. As seen, the total prevalence of extraand intracellular glycoside products was greater in the presence of SNAP compared with ONAP, suggesting a role for hydrolysis in regulating relative glycan biosynthesis. In particular, the concentration of SNAP substrate was 2.8-fold higher in the pellet compared with ONAP. In addition, whereas a variety of products were synthesized when ONAP was fed to cells alone ( Figure 5J ), glycan elaboration on this substrate was diminished in mixed systems that contained SNAP (Figures 7H and 7I) . Eight-to 14-fold higher levels of glycans were formed on SNAP compared with ONAP. Similar observations were made in independent validation runs performed using ESI-Q-TOF MS ( Figure S7) . Overall, the hydrolysis of O-glycosides may partially explain the reduced efficacy of such compounds, compared with the S-glycosides. 
DISCUSSION
This study demonstrates that thioglycosides or S-glycosides efficiently disrupt cellular biosynthetic pathways important for inflammatory processes by functioning as metabolic decoys. This was observed in multiple cell types including leukocytes (HL-60s and primary leukocytes), breast (T47D, ZR75-1) cells, and prostate (PC3) cells. Such decoys were effective at low concentrations of 10-100 mM. In contrast, the more common O-glycosides are only functional at >10-fold higher doses. The enhanced functional efficacy of S-glycosides was noted in all assays, and it was most apparent in the competition/co-culture assay where SNAP and ONAP were simultaneously fed to cells.
Here, MS analysis of biosynthetic products present in culture 
. Hydrolysis of O-Glycosides in Cells
(A-D) HL60s were cultured with 80 mM SNAP, ONAP, or vehicle control. After 40 hr, the medium was extracted and analyzed using high-performance liquid chromatography (224 nm detection). Standards were created by spiking culture media with 2-naphthalenemethanol (HONAP) and 2-naphthalenemethanethiol (HSNAP) standards at 1:1 ratio (A). These compounds eluted at 17 and 29 min, respectively.
Media with vehicle control had no peaks (B). Peak corresponding to HONAP retention time was seen in supernatants from cells cultured with ONAP, black arrowhead in (C). Cells cultured with SNAP did not have product corresponding to HSNAP (D). (E-G) HONAP was derivatized by dansyl chloride to serve as an MS standard (chemical reaction in schematic). No peak was observed in vehicle control (E).
Dansyl derivatization was performed for products extracted from cell culture medium in runs with ONAP, SNAP, and VC. Dansylated HONAP was only observed in runs with ONAP (G) and this was verified by MS/MS, with respect to synthetic standard in (F). The equivalent product was not observed in cells cultured with SNAP or vehicle. Thus, ONAP, but not SNAP, was hydrolyzed within cells. (H and I) Cells were co-treated with a mix of 80 mM SNAP together with ONAP for 40 hr. Glycosylated products formed on ONAP and SNAP present in supernatant (H) and cell pellet (I) were analyzed using LC-MS/MS. Larger glycan products were formed on SNAP compared with ONAP. ''NAPX'' is used to denote both O-and S-glycosides. All structures were verified by MS/MS. *p < 0.05, **p < 0.01, ***p < 0.01 with respect to ONAP; ynot detected. See also Figure S7 . medium and cell pellet showed that extended glycosylation products formed on SNAP with 8-to 14-fold greater efficacy compared with ONAP. Indeed, while there is literature on the synthesis of S-glycosides, and alkyl/aryl 1-thioglycosides are used as donors during the chemical synthesis of carbohydrates, relatively fewer studies have applied such compounds in cell-based assays (Macauley et al., 2005; Miura et al., 1999) . The current results suggest that this may be a valuable avenue for investigation, as it can yield entities that can modify cellular biosynthetic pathways and related glycan structures. The scale up of such compounds is cost effective. All S-glycosides used in this study truncate lactosamine chain extensions on N-and O-glycans, although their relative efficacy varied depending on the aglycone. In this regard, SNAP affected both type III Galb1,3GalNAc chains on O-glycans based on the increased binding of VVA and PNA, and type II Galb1,4GlcNAc chains on N-glycans based on alterations in ECL binding . MS-based glycomics profiling also showed an increase in GlcNAc-terminated N-glycans and reduction in sialyllactosamine structures on N-glycans. These glycomics profiles are reminiscent of previous cases of congenital disorders of glycosylation (Boztug et al., 2014; Hayee et al., 2011) . The sLe X structure was prominently absent in the SNAP samples. Lactosamine extensions on O-glycans were also reduced upon S-glycoside treatment as the carbohydrates synthesized on the GalNAc-O-Bn substrate were small. Immunoblotting showed that the molecular mass of two mucinous proteins, PSGL-1 and CD43, was reduced upon S-glycoside addition. Thus, the overall glycan mass on extended O-and N-glycans was reduced. The effect of the compound on GSLs was relatively small.
Regarding the mechanism of action, the data suggest that the thioglycosides may be superior decoys due to their enhanced stability in cells, and reduced susceptibility to degradation by mammalian b-hexosaminidases (EC 3.2.1.52). In addition, these glycosides may inhibit specific GalT activity (Brockhausen et al., 2006) , although the mechanism for this process and specificity toward different members of this enzyme class remains unsolved (Gao et al., 2010) . Consistent with the dual role for S-glycosides as decoys and inhibitors, while equal amounts of [C 14 ]Gal were transferred to ONAP and GalNAc-O-Bn in the GalT assay, SNAP acted as an efficient decoy to take up almost 90% of the [C 14 ]Gal and it dramatically reduced [C 14 ]Galb1,3GalNAc-OBn formation. In this regard, hexosaminidases in cells are present in the lysosomal, cytoplasmic, and nuclear compartments in humans and may contribute to the degradation of O-glycosides and their products, including those containing terminal GlcNAc and GalNAc (Mahuran, 1999) . Here, the lysosome contains various isoenzymes (HexA, HexB, and HexS) that are synthesized by the homo-or hetero-dimerization of two subunits: a encoded by HEXA and b by HEXB. Mutations in HEXB often results in Sandhoff disease, while mutations in HEXA decreases GM2 ganglioside degradation and causes Tay-Sachs disease (Sandhoff and Harzer, 2013) . HEXC encodes for O-GlcNAcase (OGA) which acts as a nucleocytoplasmic b-hexosaminidase that removes O-GlcNAc modification on various proteins (Gao et al., 2001) . Mammalian cells also contain a fourth hexosaminidase HexD in the nucleus and cytoplasm, encoded by HEXDC (Gutternigg et al., 2009), which prefers to hydrolyze GalNAc compared with GlcNAc (Alteen et al., 2016) . Additional studies are needed to determine which of the hexosaminidases act on ONAP and other O-glycosidase substrates as this may be a key mitigating factor that reduces the efficacy of such compounds. The mammalian lactosamine motif is a common unit that is part of the molecular recognition epitope of various lectins, including selectins, siglecs, and galectins (Neelamegham and Mahal, 2016; Varki, 2017) . As GlcNAc-based S-glycosides truncate the growth of this common motif on different types of glycoconjugates, these small molecules may be broadly useful as inhibitors for a variety of studies, although this may come at the cost of reduced specificity. To demonstrate such biological utility, we tested the ability of SNAP and ONAP to reduce selectin-dependent cell adhesion with focus on E-selectin, an endothelial lectin that binds sialofucosylated glycans such as sLe X on all common glycoconjugate-types:
O-glycans, N-glycans, and GSLs . Here, all S-glycosides dramatically reduced cell surface leukocyte sialyl Lewis-X expression on leukocytes, and E-and L-selectin binding under static and flow conditions. These compounds also increased leukocyte rolling velocity on stimulated endothelial cell monolayers, and treatment of leukocytes with these compounds abolished transplanted cell homing to the bone marrow and sites of inflammation in the mouse. This effect of small molecules to reduce inflammation by altering leukocyte rolling rates is similar to results noted using two different sialyl Lewis-X analogs that completed phase II trials, GMI-1070 (Rivipansel) (Morikis et al., 2017) and TBC-1269 (Hicks et al., 2005) , and also the monosaccharide analog 4F-GalNAc . In the case of Rivipansel, a molecule currently in phase III trials for reducing vaso-occlusive crisis following sickle cell disease, the partial reduction of E-selectin binding interactions is considered to reduce cell activation via selectin ligand interactions (Morikis et al., 2017) . This alteration in cell activation rather than the complete abrogation of selectin ligand interaction is considered to be the mechanism of molecular action. Consistent with this notion, SNAP also dramatically reduced cell migration to sites of inflammation and the bone marrow in the current study, by modifying leukocyte rolling interactions in flow assays. Additional studies are needed in vivo to complete the pharmacological characterization of the S-glycosides, compare their blocking efficacy to other small-molecule selectin antagonists (Dimitroff et al., 2003; Marathe et al., 2010; Rillahan et al., 2012; Sarkar et al., 1997; Zandberg et al., 2012) , and to test their inhibitory efficacy in relevant diseases models.
In conclusion, this study suggests that thioglycosides may be suitable for a broad range of basic science and translational investigations, due to their enhanced efficacy within cells compared with the O-glycosides. Using SNAP as a prototypic entity, it may be possible to vary the aglycone group to create molecular entities with varying specificity for diverse applications. Advancing this concept, the glycan/GlcNAc entity of SNAP may also be changed to target other glycan biosynthetic pathways. Finally, it may be valuable to also vary the anomeric linkage in order to further enhance functional effects. Such modifications to the glycan, linkage, and aglycone may result in novel tools for biomedical research and drug candidates with favorable pharmacological activity to target leukocyte adhesion, inflammation, and cancer metastasis.
SIGNIFICANCE
There is active interest in rationally designing small-molecule inhibitors of cellular glycosylation. One such approach uses metabolic decoys that function as mimetics of naturally occurring glycoEnzyme (glycosylating enzyme) substrates. When introduced into cells, such decoys attract the activity of the glycoEnzymes and thus the natural glycoconjugates are left under glycosylated. This manuscript demonstrates that the simple chemical modification of the anomeric linkage of metabolic decoys, from acetal in traditional O-glycosides to thioacetal group in thio/S-glycosides, dramatically enhances the stability of these compounds within cells and improves inhibitor efficacy by >10-fold. This strategy to improve metabolic decoy design may enhance their application in basic science studies, and also clinical investigations as anti-inflammatory, anti-metastasis and anti-viral therapies.
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METHODS DETAILS Chemical Synthesis
The synthesis of GlcNAc derivatives is described below. These include a series of thio/S-glycosides: peracetylated GlcNAc-b-S-NAP (1, abbreviated 'SNAP'), GlcNAc-b-S-NAP (2), peracetylated GlcNAc-b-S-geranyl (3), GlcNAc-b-S-geranyl (4), peracetylated GlcNAc-b-S-bromooctane (5) and peracetylated GlcNAc-b-S-benzyl (6) . The O-glycosides include peracetylated GlcNAc-b-O-NAP (7, abbreviated (11) and . Control molecules used are peracetylated GlcNAc-b-SH (13, abbreviated 'SH'); and GlcNAc (14) . GlcNAcbZ (O-glycosides) Synthesis 2-Acetamido-2-deoxy-D-glucopyranose (1.77 g, 8.0 mmol) was suspended in acetyl chloride (AcCl, 8 mL) at 0 C under nitrogen and the mixture was stirred at room temperature (r.t.) overnight (Horton and Wolfrom, 1962; Orth et al., 2010) . The solvent was removed under vacuum, then the residue was diluted with dichloromethane (15 -25 mL) and extracted with ice water until the pH value of the aqueous layer was neutral. The organic layer was dried and concentrated. The 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy glucopyranosyl chloride obtained was a colorless solid. In the second step, the chloride (365 mg, 1.0 mmol) was stirred with 2-naphthalenemethanol (158 mg, 1.0 mmol), and freshly prepared molecular sieves 4Å (500 mg) in CH 2 Cl 2 (8 mL) for 6-8 h. To this mixture, InCl 3 (110 mg, 0.5 mmol) was added and the reaction was stirred for additional 16-20 h at room temperature (Mukherjee et al., 2001) . The progress of the formation of the product was examined by TLC (ethylacetate/hexane 1:1 or dichloromethane/acetone 4:1). The reaction mixture was then diluted with CH 2 Cl 2 (8 mL), filtered over celite and washed with saturated sodium bicarbonate solution (3 times), and dried over Na 2 SO 4 . It was filtered and concentrated in vacuo. The desired product was purified using silica gel flash chromatography using solvent gradients ethylacetate/hexane 1:2 or acetone/dichloromethane 1:10. In most cases, compounds were obtained as solid materials. 2-naphthalenemethanol was replaced by other aglycon alcohols to obtain other O-glycosides, except for 9 & 10. Detailed reaction scheme is shown below (Matta, 2016) .
Synthesis of Acetylated GlcNAcbSZ
For preparation of thiourea salt (Horton and Wolfrom, 1962; Ibatullin et al., 2001) , thiourea (3.8 g, 5 mmol) was added to a mixture of 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy glucopyranosyl chloride (1.83 g, 5 mmol) in acetonitrile (10 mL). The reaction was refluxed for 10 min. Then the solvent was evaporated. After crystallization from acetone, product was obtained as white solid. In the next step, 2-(bromomethyl)naphthalene (442 mg, 2 mmol) was added to a solution of thiourea salt (885 mg, 2 mmol) in acetonitrile (10 mL), followed by TEA (0.7 mL, 5 mmol) (Ibatullin et al., 2001 ). The reaction was stirred at r.t. for 1 day, and then concentrated in vacuo. The crude product was purified by flash chromatography using acetone /dichloromethane which afforded a white solid product.
In an alternate method reported earlier (Matta et al., 1973) , the urea salt treated with potassium pyrosulfite in refluxing mixture of water and chloroform gave 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-1-thio-b-glycopyranose 13 (Matta et al., 1973) . The latter on treatment with alkyl bromide in acetone in the presence of anhydrous potassium carbonate in acetone (Claeyssens et al., 1970) can give alkyl-thio glycosides. 2-(bromomethyl)naphthalene was replaced by other aglycone halides (Z-halide) in the above reaction to furnish the remaining acetylated GlcNAcbSZ compounds from 13. The full reaction scheme is shown below.
Synthesis Procedure for p-methoxyphenyl 2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-D-glucopyranoside 9 To a solution of b-D-glucosamine pentaacetate (10 g, 25 mmol) and p-methoxyphenol (9.5 g, 75 mmol) in CH 2 Cl 2 (180 mL) chilled in salt ice bath, was added BF 3 $OEt 2 (4.7 mL, 37.5 mmol) dropwise (Fettke et al., 2009 ). The reaction was stirred at room temperature for 24 h, and then was washed with water, NaHCO 3 solution, and brine. The organic layer was dried (MgSO 4 ) and concentrated. The residue was purified with flash chromatography which afforded product as white solid. Compound 10 was obtained by deacetylation of 9. De-O-acetylation Thio and O-glycosides were deacetylated using sodium methoxide in methanol. Typically, to a solution of 1 mmol starting material in MeOH (10 mL), 5-10 drops NaOMe/MeOH 0.5 M solution was added. The reaction was allowed to stir for overnight. When reaction was complete, the solution was filtered through a short pack of Dowex 50W resin, and concentrated. The resulted white solid was washed with small amount of cold MeOH and filtered.
For large scale preparation of GlcNAc-bONAP has already been reported from Matta's group (Xue et al., 2009 ) wherein one-step b-selective glycosylation of N-acetylglucosamine (Vauzeilles et al., 2001 ) with NAP-bromide in presence of lithium bromide and sodium hydride was found to be effective in providing the target compound as solid material.
Cell Culture and Chemical Treatment
All cell lines were cultured according to ATCC (Manassas, VA), unless otherwise mentioned. HUVECs were cultured in EBM-2 media (Lonza). Isogenic HL-60 clones lacking extended O-glycans ([O] cells), N-glycans ([N] ) and glycolipids ([G]) were available from a previous study . These cells lack the genes COSMC (core-1 b3 galatoctosyltransferase molecular chaperone), MGAT1 (mannosyl a1,3-glycoprotein b1,2-N-acetylglucosaminyltransferase) and UGCG (UDP-Glucose Ceramide Glucosyltransferase), respectively.
For cell treatment, all GlcNAc-based glycosides were dissolved in DMSO to make 40 mM stocks, and stored at -20 C until use. In typical runs, the GlcNAc O-and S-glycosides were added to 0.5-1310 6 cells/mL at 0-200 mM in normal culture medium for 2-days and added together. 0.2% DMSO served as vehicle. Cell culture medium was purified using Sep-Pak C18 columns (Waters, Milford, MA), with glycosides being released by elution with 50-75% MeOH. The released product was permethylated prior to MS analysis . In some cases, to examine glycans formed within cells, cell pellets were collected in the above runs, and lysed using 75% MeOH followed by sonication. Following removal of cell debris by centrifugation at 18,000 g for 15 min, the supernatant was dried using a CentriVap centrifugal evaporator. Three mL ADMEM was added to resuspend the glycans. Separation using C18 Sep-Pak and permethylation was performed as above.
For LC-MS analysis, the above samples were filtered through 0.2 mm PES (Polyethersulfone) syringe filters, centrifuged at 16,000 g at 4 C for 15 min to remove any debris, and the supernatant was analyzed. Two instruments were used: i. An Orbitrap-XL MS (Thermo) equipped with a nano-LC column (PepMap C18 2 mm; 75 mm3150 mm, Thermo) and ESI (electrospray ionization) source; ii. A 6530 Accurate Mass Dual Agilent Jet Stream ESI-Q-ToF (quadrupole-time-of-flight) with a Phenomenex Gemini C18 column (5 mm, 4.6 x 50 mm). In the Orbitrap-XL runs, the mobile phases were, A: water and B: acetonitrile (CH 3 CN), both containing 0.1% (v/v) formic acid. Data were acquired over 80 min at a flow rate of 300 nL/min using the following linear gradient: (i) increase from 0% to 20% B (0-5 min); (ii) 20% to 40% B (5-45 min); (iii) 40% to 70% B (45-65 min); (iv) 70% to 100% B (65-75 min); and (v) isocratic elution at 100% B (75-80 min). MS 1 data were acquired using the Orbitrap detector (60,000 resolution), and MS/MS in CID mode (ion trap with 30% collision energy). For ESI-Q-ToF separation, the mobile phases were, A: 10% CH 3 CN and B: 90% CH 3 CN, both with 0.1% formic acid and 0.1% ammonium formate. Flow rate was set to 0.5 mL/min. MS analysis started at isocratic 100% A (0-5 min), linear ramp to 100% B (5-40 min) and finally isocratic 100% B (40-50 min) . MS data were collected over 50-1700 m/z in positive ESI mode at high resolution. Targeted LC-MS/MS analyses were carried out by varying collision energies from 0-75 eV. Data were annotated using the glycoinformatics tools DrawGlycan-SNFG (Cheng et al., 2017) .
2-Napthalenemethanol Detection and Analysis
In a variation of the Folch method (Folch et al., 1957) , 1.8 mL of HL-60 culture media was transferred to a glass vial and mixed with methanol and chloroform in a ratio 3:4:8 (media:methanol:chloroform). The mixture was vortexed for 1 min and allowed to settle for 1 min, with this vortex-settling cycle being repeated thrice. In the final step, the sample was centrifuged at 500 g for 10 min, and 4.4 mL of the chloroform layer was collected and vacuum-dried.
In one experiment, this product was resuspended in 500 mL MeOH and resolved using an Agilent 1100 HPLC equipped with a reversed-phase ZORBAX Eclipse XDB-C18 column (5 mm, 4.6 mm 3 150 mm). Mobile phase A: water and B: methanol, both containing 0.1% (v/v) formic acid. Flow rate was 0.5 mL/min and detector wavelength was 224 nm. Data were acquired over 40 min using the following gradient: (i) isocratic at 40% B (0-3 min), (ii) increase from 40% to 70% B (3-13 min); (iii) isocratic 70% B (13-23 min); (iv) increases from 70% to 85% B (23-25 min); (v) isocratic 85% B (25-35 min), (vi) decrease from 85% to 40% B (35-37 min), and finally (vii) isocratic 40% B (37-40 min). Pure 2-naphthalenemethanol and 2-napthalenemethanethiol (Sigma) added to culture media served as standards for this run. Calibration curves were linear over the 5-150 mM range for HONAP (r 2 = 0.9997) and HSNAP (r 2 = 0.9985).
The limits of detection (LoD) and quantification (LoQ) were 3.8 mM and 11.4 mM for HONAP and 9.1 mM and 27.6 mM for HONAP. Quantifications were carried out in triplicates. In another experiment, dansyl derivatization was performed by resuspending the above vacuum-dried sample with 100 mL of an amine mixture (0.4% v/v triethylamine or TEA and 6 mg/mL 4-dimethylaminopyridine or DMAP). After vortexing for 1 min, 100 mL of dansyl chloride (6 mg/mL) were added and the reaction was stirring at 600 rpm for 1 h at r.t. in dark. The solvent and triethylamine were then eliminated under high vacuum and the residue was resuspended in 750 mL MeOH. This sample was injected into an LC-ESI-Q-ToF system (Agilent) using LC and MS parameters listed in the previous section. 2-Napthalenemethanol was dansyl derivatized to serve as MS standard.
QUANTIFICATION AND STATISTICAL ANALYSIS
All data are presented as Mean ± S.D (nR3). Individual data points are plotted in each panel to give a measure of n in each group/ condition. Two-tailed Student's T-test was used for dual-comparisons. Analysis of variance (ANOVA) followed by the StudentNewman-Keuls post-test was used for multiple comparisons. P<0.05 was considered to be statistically significant.
DATA AND SOFTWARE AVAILABILITY
Two software are used to annotate MS spectra: GlycoWorkBench and DrawGlycan-SNFG. Both resources are provided opensource at github (see Key Resources Table) .
